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Abstract: The use of adhesive layers can improve the properties and reduce the defects produced
in the interfaces. This provides adherence to the structure, adapting the joining surfaces and
avoiding spaces between the layers. However, the presence of the adhesive can potentiate the
defects caused during drilling. In turn, a loss of adhesive in the interface can occur during
machining affecting the final structure. This work has followed a conventional OSD strategy in
CFRP and UNS A92024 aluminium sheet stacking with adhesive. A series of dry drilling tests have
been developed with different cutting conditions and new noncoated WC-Co helical cutting tools.
Analysis of Variance (ANOVA) statistical analyses and surface response models have been applied to
determine the mechanical behaviour in the holes. For this purpose, the dimensional deviation, surface
quality, and adhesive loss in the interface in relation to the number of holes have been considered.
A combination of cutting parameters that minimizes the evaluated defects has been found. Diametric
deviations and surface qualities below 2% and 3.5 µm have been measured in the materials that make
up the stack with cutting speeds higher than 140 m/min and feed rates between 200 and 250 mm/min.
However, the greatest adhesive losses occur at high cutting speeds.
Keywords: adhesive; machining; modelling; dry; CFRP/UNS A92024
1. Introduction
Today’s industry is looking for a production system that approaches optimum sustainability.
Industrial sectors are looking for processes that present a balanced performance in energy, economic,
social, functional, and environmental aspects [1,2].
The aeronautical sector is particularly noteworthy, being a benchmark in research, development,
and innovation. One of the first challenges it faces in this fourth revolution is the automation of
its processes. This is especially significant in operations such relevant as the assembly ones are to
this industry, which involve extensive use of manual work. For this reason, the drilling operation
is considered a key process due to the high number of holes made in an aircraft [3,4] for assembly
through the riveting process.
These tasks must maintain the quality of the drilled holes avoiding the later elements separation.
To achieve this goal, the drilling process is opting for drilling strategies known as OSD (One Shoot
Drilling) [5–7]. The aim is to make a hole in a single step, regardless of the number of plates and the
type of material. All this must satisfy the quality requirements imposed by the sector and avoid the
use of lubricants.
Among the varying combinations of different materials that have to be joined together to form
the aircraft, one of the most common is the union of composite material such as CFRP (carbon fiber
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reinforced polymer) and sheets of light metals such as aluminium alloys. This structure combines the
strength of the fibres and the formability of the metal alloy [8–10].
Although mechanical joints are the most commonly used in the aeronautical sector, adhesive
joints have also been widely used as a complement to riveting [11]. The existence of a layer that
offers continuity between the materials that constitute the stack can offer a series of advantages.
These benefits can be the elimination of defects in the interfaces between them, weight reduction,
increased fatigue life of the joints, and a wide adaptability to materials [12–14]. However, the effect of
cutting parameters on the adhesive has not been evaluated in previous studies. The presence of a third
material in the interface of the hybrid structure may increase the defects generated during machining.
This paper proposes a study of the cutting parameters in the drilling of hybrid structures
composed of CFRP and alloy UNS A92024, joined by an adhesive. The current objective is to drill
hybrid structures in a single step. For this reason, the study of the influence of the cutting parameters
on the final quality is essential and its influence on the final quality of the adhesive [15]. Defects
such as an increase in the roughness of the composite material due to metal chip evacuation [16] or
diameter variation may appear [17]. In addition, the inclusion of a third material as an adhesive can
generate new defects in the interface of the materials producing a nonhomogeneous hole that meets
the requirements established by the aeronautical sector. For the treatment of the results, Analysis of
Variance (ANOVA) analysis and response surface models have been applied, which have been widely
used in various studies on this topic [18–22]. Finally, a proposal is presented for the evaluation of the
defectology caused in the adhesive that joins both materials.
2. Materials and Methods
For the development of this research, a WC-Co helical model drill without coating has been used.
This was selected considering the materials that make up the stacks to be drilled, their thicknesses,
the required qualities, and the cutting conditions. The dimensions and main characteristics are shown
in Table 1. It has a double angle point, the section closest to the center corresponds to the highest point
angle (140◦) and the projection of the outermost edges provides a narrower angle (118◦).
Table 1. Drilling bit geometry.
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7.92 25.00 8.00 118. 0140.00 1.20 80.00 78.80 30.00 29.82
Carbidre Substrate
Uncoated
The material selected consisted of a hybrid structure presented in 210 mm × 210 mm sheets and
composed of two different materials. It is formed by a 2 mm thick CFRP sheet and an 8 mm thick UNS
A92024 alloy sheet. Specifications for both materials are shown in Tables 2 and 3.
A two-component adhesive specific for structural elements was used to obtain the hybrid structure.
It was applied by means of a hydraulic press in order to apply a constant pressure and guarantee a
uniform thickness of 1 mm. The properties of the adhesive used are shown in Table 4.
The adhesive was cured at room temperature in an air conditioned room. The polymerization
temperature was 23 ◦C. After polymerization, an ultrasonic inspection was carried out to verify the
correct bond between the materials. In Figure 1, the quality of the joint has been shown. It can be seen
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how the majority of the surface presents a continuous union. However, there are small defects in the
edges of the stack, as well as air bubbles generated during the joining process.
Table 2. Properties and features of CFRP.
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Figure 1. Ultrasound color map acquired on the hybrid stack interface for evaluating the adhesive 
application quality. 
The tests were carried out dry on a Kondia Five 400 5-axis machining centre (Elgoibar, 
Guipuzcoa, Spain), controlled by a Heidenhain iTNC530 control system (Traunreut, Bavaria, 
Germany). Three cutting speeds and forward speeds were combined to obtain a combination of nine 
tests (Figure 2). The set values for the cutting parameters have been defined on the basis of other 
studies and real application cases, and are indicated in Table 5. 
Temperature has been measured using pyrometric techniques. Macro- and microgeometric 
defects were evaluated after machining. Diameters were evaluated using an inside micrometer of 
three contacts at three different heights per material (Figure 3a). On the other hand, the arithmetic 
mean roughness was evaluated by means of a rugosimeter using a cutoff of 0.8 mm to establish a 
comparison between the results obtained. Surface quality was evaluated in 3 generatrices per drill 
(Figure 3b). 
. l l i i i l i i
.
tests wer carried out dry on a Kondia Five 400 5-axis machining centre (Elgoiba , Guipuzcoa,
Spain), ntrolled by a Heid nhain iTNC530 control system (Traunreut, Bavaria, Germany). Th ee
cutting speeds and forward speeds we e combin to obtain a combination of nine tests (Figure 2).
The set values for the cutting parameters have been defined on th basis of other studies and real
application cases, and re i dicated in Table 5.
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ere evaluated after machini g. Diameters were evalu ted using a inside micrometer of three
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roughness was evaluat d by means of a rugosimeter u ing a cutoff of 0.8 mm t establish a comparison
between the results obtained. Surface quality w s evalua ed in 3 generatrices per drill (Figure 3b).
Materials 2019, 12, 160 4 of 17
Materials 2019, 12, x FOR PEER REVIEW  4 of 18 
 
 
Figure 2. (a) Set up schematic representation. (b) Drill distribution for each trial. 
Table 5. Combination of cutting parameters used for each test. 
Trial S (m/min) f (mm/min) Holes Machined 1 Lubrication 
1 85 200 20 Dry 
2 85 250 20 Dry 
3 85 300 20 Dry 
4 115 200 20 Dry 
5 115 250 20 Dry 
6 115 300 20 Dry 
7 145 200 20 Dry 
8 145 250 20 Dry 
9 145 300 20 Dry 
1 Holes 1, 10, and 20 have been analyzed. 
 
Figure 3. Evaluation methodology for (a) diameter and (b) quality surface. 
Finally, through the obtained roughness profiles, the loss of the adhesive in the interface of the 
materials was evaluated by means of image processing software, Figure 4. For each profile obtained 








Figure 2. (a) Set up schematic representation. (b) Drill distribution for each trial.
Table 5. Combination of cutting parameters used for each test.
Trial S (m/min) f (mm/min) Holes Machined 1 Lubrication
1 85 200 20 Dry
2 85 250 20 Dry
3 85 300 20 Dry
4 115 200 Dry
5 115 250 20 Dry
6 115 300 20 Dry
7 145 200 20 Dry
8 145 250 Dry
9 145 300 20 Dry
1 Holes 1, 10, and 20 have been analyzed.
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Figure 3. Evaluation methodology for (a) diameter and (b) quality surface.
Finally, thro gh the obtained roughnes profiles, the los of the adhesive in the interface of the
materials was evaluated by means of image proces ing software, Figure 4. For each profile obtained
the maximum depth of adhesive removed has be n evaluated.
In order to assess the influence of input parameters on the results obtained a statistical analysis
has been carried out. An ANOVA analysis through a Response Surface Methodology (RSM) has been
implemented. With this technique an empirical model will be obtained that establishes a multiple
linear regression.
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Figure 4. Evaluation of adhesive loss in the stack interface.
3. Results and Discussion
The results obtained in the evaluation of the macro and microgeometric defects are shown in
Table 6. The mean values and their respective deviations are shown prior to discussion.








CFRP Al CFRP Al Adhesive
1
1 8.031 (±0.816) 8.042 (±0.408) 1.38 (±0.033) 1.62 (±0.065) 42.584 (±0.781)
10 7.998 (±1.225) 8.050 (±0.816) 7.32 (±0.033) 6.23 (±0.041) 27.136 (±0.887)
20 7.998 (±0.408) 8.060 (±0.002) 7.47 (±0.024) 12.22 (±0.139) 44.910 (±0.678)
2
1 8.026 (±0.816) 8.022 (±1.633) 1.18 (±0.065) 2.71 (±0.163) 24.730 (±0.906)
10 8.036 (±2.041) 8.052 (±1.225) 4.43 (±0.065) 7.35 (±0.163) 33.924 (±0.746)
20 8.057 (±0.408) 8.031 (±0.408) 2.90 (±0.098) 4.53 (±0.122) 23.937 (±0.737)
3
1 8.052 (±0.408) 8.062 (±1.225) 2.92 (±0.049) 3.20 (±0.114) 21.322 (±0.431)
10 8.079 (±0.816) 8.066 (±1.225) 4.82 (±0.057) 5.40 (±0.220) 29.644 (±0.707)
20 7.997 (±1.225) 8.052 (±1.225) 3.72 (±0.147) 4.97 (±0.147) 10.351 (±0.687)
4
1 8.077 (±1.225) 8.055 (±1.225) 1.20 (±0.122) 3.58 (±0.147) 53.363 (±0.296)
10 8.091 (±0.408) 8.071 (±0.816) 5.53 (±0.008) 3.57 (±0.204) 35.714 (±0.485)
20 8.062 (±1.225) 8.064 (±1.633) 4.06 (±0.147) 3.68 (±0.131) 47.633 (±0.892)
1 8.095 (±2.449) 8.082 (±1.633) 3.23 (±0.016) 4.82 (±0.057) 54.542 (±0.532)
5 10 8.059 (±0.408) 8.079 (±0.816) 3.71 (±0.114) 6.06 (±0.122) 59.167 (±0.558)
20 8.059 (±1.289) 8.081 (±0.816) 4.21 (±0.041) 7.98 (±0.090) 51.512 (±0.401)
1 8.100 (±1.633) 8.054 (±2.449) 1.57 (±0.024) 4.04 (±0.073) 39.640 (±0.719)
6 10 8.091 (±0.816) 8.071 (±0.408) 3.96 (±0.220) 5.28 (±0.139) 66.190 (±0.441)
20 8.064 (±0.816) 8.079 (±0.816) 5.25 (±0.106) 6.66 (±0.033) 30.546 (±0.552)
7
1 8.062 (±1.225) 8.037 (±0.408) 1.84 (±0.090) 2.28 (±0.049) 70.171 (±0.474)
10 8.043 (±0.816) 8.041 (±0.816) 2.81 (±0.057) 2.38 (±0.163) 62.413 (±0.550)
20 8.040 (±1.633) 8.023 (±0.408) 2.67 (±0.155) 2.58 (±0.090) 50.236 (±0.575)
8
1 7.997 (±1.225) 7.994 (±1.225) 1.50 (±0.016) 5.12 (±0.090) 78.464 (±0.495)
10 7.992 (±1.633) 8.020 (±2.449) 4.61 (±0.024) 6.15 (±0.139) 82.222 (±0.603)
20 7.998 (±0.408) 8.021 (±0.816) 3.61 (±0.180) 6.19 (±0.057) 72.189 (±0.612)
9
8.041 (±0.408) 8.006 (±1.633) 1.59 (±0.016) 6.09 (±0.171) 61.680 (±0.457)
10 8.043 (±0.816) 8.035 (±1.225) 1.82 (±0.057) 5.76 (±0.163) 108.765 (±0.257)
20 8.040 (±1.225) 8.03 (±0.408) 6.08 (±0.106) 6.94 (±0.057) 80.120 (±0.596)
3.1. Surface Quality
Cutting parameters are essential to obtain a correct surface quality. Figure 5 shows the values of
Ra corresponding to the surface quality generated in the composite material.
It shows how the quality deteriorates as the tool increases the number of holes. This can be related
to wear geometry, both abrasive and adhesive, generated in the tool. As the number of holes increases,
the machining capacity decreases, resulting in a worse surface quality.
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It seems that the combination of a cutting speed of 145 m/min with a feed speed of 200 mm/min
produces the least variation in the geometry used. For this combination the variation of Ra in the
20 holes is the lowest.Materials 2019, 12, x FOR PEER REVIEW  7 of 18 
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Results obtained for the aluminium alloy are shown in Figure 6. It is appreciated how the feed rate
significantly influences the surface quality obtained. The use of a feed rate of 200 mm/min generates
the lowest Ra values. This may be because a smaller chip is generated, as Uddin et al. [23] indicate in
their results. Increases in feed rate result in poorer surface quality. These results are consistent with
those obtained here and shown in [3,4,15].
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There is a clear dispersion of data as the tool achieves a greater number of machined holes.
However, bigger dispersion between the first and the last hole is obtained for a cutting speed of
145 m/min. As it is known, increasing the cutting speed raise the drilling temperature, which
can cause greater adhesion of the adhesive on the tool (Figure 7) providing a more homogeneous
surface quality.
The appreciated values of Ra in both materials are within the values established by the aeronautical
sector. At the same time, the data obtained experimentally present a great dispersion in all the
combinations used. This may be due to the chips generated during machining (Figure 8). The presence
of the adhesive on the interface seems to exacerbate the mechanism of adhesion of the aluminium alloy
on the tool. This produces long thick chips adhered to the tool that do not come off at the end of the
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drill. As a result, when the next hole is drilled, this chip machines the composite material and part of the
aluminum alloy until it is detached. This results in an uneven surface quality and very high Ra values.
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Figure 7. Adhesive wear generates in (a) the cutting edge and (b) the intersection of primary and
secondary edges.
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Figure 8. Adhesive and aluminium alloy chips adhered o the cutting geometry.
This could be avoided by using a different drilling strategy such as vibration-assisted
drilling [24,25]. By using this technique, the tool fragments the chip, reducing its size and facilitating
its evacuation. In this way, a better surface quality could be obtained.
ANOVA statistical analysis has been carried out in order to identify the most influential
parameters in the drilling of both materials (Table 7).
The number of holes drilled is the most influential v riable as it has a p-value of less tha 0.05 in
the CFRP d illing, indicating that it is a statistically significant variable.
This is in line with what it was previously said about the progressive wear generated in the tool.
Nevertheless, there is no apparent influence of the cutting parameters on the quality obtained.
Similar trends are shown in the results of the drilling of UNS A92024. The number of holes
drilled is the ost influential variable in surface quality. There is a dispersion for the values of Ra
obtained with the increase in the number of holes. On the other hand, there is no influence of the
cutting parameters used in the process.
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Table 7. Cutting parameters influence in Ra values by Analysis of Variance (ANOVA) analysis in
both materials.
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From the results obtained, a contour diagram has been generated relating two variables.
The contour diagrams are obtained from (1) and (2) with a R2 of 60.31% and 64.05%, respectively.
The average error rate for the obtained values is 34.93% for CFRP material. On the other hand, the mean
error rate for the aluminium obtained values is 22.85%. This high variation is again due to the formation
of long chips adhered to the tool. The chips hit the surface of both materials producing a very random
surface quality. Due to this, the model obtained is not able to follow the trends obtained experimentally.
Since the number of holes is the most influential variable, both the cutting speed and the feed
speed for the two materials have been confronted with it.
CFRP drilling diagrams are shown in Figure 9. For both graphs the wear is progressive, generating
an increase in Ra values. However, the use of high cutting speeds, close to 145 m/min softens this
trend. This may be because the amount of material removed per turn is greater, resulting in a smoother
and more homogeneous surface.
Ra(CFRP) =
22.2 − 0.071*S − 0.126*f + 0.492*Holes − 0.000171*S2 + 0.000161*f2 − 0.01412*Holes2 +
0.000382*S*f − 0.00028*S*Holes − 0.000103*f*Holes,
(1)
Ra (UNS A92024) =
3.3 − 0.229*S + 0.077*f + 0.889*Holes + 0.000023*S2 − 0.000341*f2 − 0.00514*Holes2 +
0.001003*S*f − 0.00345*S*Holes − 0.001018*f*Holes,
(2)
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In turn, by increasing the amount of material removed, the temperatures reached are lower,
without damaging the matrix. This would help to obtain a smoother surface.
On the other hand, the forward speed for a fixed cutting speed does not seem to be a very
influential factor. The variation of Ra is very similar in all combinations. It can be seen how
an intermediate feed rate, close to 250 mm/min, generates the smoothest trend while a speed of
200 mm/min can generate the highest Ra values. Elevated temperatures are related to forward
speed reductions. This can lead to deterioration in the matrix, resulting in a more irregular surface.
At the same time, it can generate greater friction between tool and material, increasing abrasive wear
(Figure 10) and generating greater variation in results.
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Similar trends are shown in the diagrams corresponding to the drilling of the aluminium alloy
(Figure 11). The selection of a high cutting speed, close to 145 m/min, together with a low feed speed,
close to 200 mm/min, produces the best surface quality for both materials. This selection produces a
smaller chip that is easier to evacuate and can reach lower temperature values. From a wear point of
view, as the number of holes increases, there is a smoother tendency for this combination.
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Figure 11. Contour diagram obtained by Ra values in UNS A92024: (a) Holes vs. feed rate and (b)
holes vs. cutting speed.
Two contour diagrams have been overlaid to determine the cutting parameters that minimize the
values of Ra (Figure 12). The cutting speed and feedrate variables have been confronted.
There is a small region generated by the combination of a cutting speed greater than 140 m/min
and a feed rate close to 200 mm/min where the values of Ra are minimized. In this region it is possible
to obtain values of Ra lower than 3 µm in the aluminium alloy and 3.5 µm for the composite material.
In addition, the selection of this combination is the one that offers a lower increase of Ra values
by increasing the number of holes drilled as previously shown.
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Figure 12. Overlap contour diagram by Ra values for CFRP & UNS A92024.
3.2. Diameters
Diameters evaluated in CFRP are shown in Figure 13. The number of drills performed does
not seem to affect the diameters obtained in comparison with the values of Ra. The variation in
results may be due to the adhesion and subsequent detachment of the aluminium alloy (Figure 14).
This phenomenon modifies the geometry of the tool by varying its diameter.
However, an increase in the cutting speed results in closer values. This may be due to the increase
of temperature in the cutting edges that would present a lower resistance in the matrix, facilitating
its elimination. This is in line with the results obtained in the ANOVA analysis (Table 5). The cutting
speed has the smallest p-value, being the most statistically influential variable.
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Due to the very small thickness of the composite material, these diameter variations may also be 
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close to the interface. 
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Figure 13. Diameter values in CFRP for all trials carried out.
Due to the very small thickness of the composite material, these diameter variations may also be
related to the loss of adhesive in the interface. This loss could affect the measurement at a height close
to the interface.
Diameters measured in aluminum alloy are shown in Figure 15. The results shown are very close
to those obtained in CFRP. This may be due to the high adhesion of the material in the tool caused
by process temperatures. A minimal dispersion is seen again when it comes to high cutting speeds.
The increase of temperatures in the cutting zone can soften the material, facilitating its elimination and
generating very uniform diameters.
Materials 2019, 12, 160 11 of 17
Materials 2019, 12, x FOR PEER REVIEW  11 of 18 
 
There is a small region generated by the combination of a cutting speed greater than 140 m/min 
and a feed rate close to 200 mm/min where the values of Ra are minimized. In this region it is 
possible to obtain values of Ra lower than 3 µm in the aluminium alloy and 3.5 µm for the composite 
material. 
In addition, the selection of this combination is the one that offers a lower increase of Ra values 
by increasing the number of holes drilled as previously shown. 
3.2 Diameters 
Diameters evaluated in CFRP are shown in Figure 13. The number of drills performed does not 
seem to affect the diameters obtained in comparison with the values of Ra. The variation in results 
may be due to the adhesion and subsequent detachment of the aluminium alloy (Figure 14). This 
phenomenon modifies the geometry of the tool by varying its diameter. 
However, an increase in the cutting speed results in closer values. This may be due to the 
increase of temperature in the cutting edges that would present a lower resistance in the matrix, 
facilitating its elimination. This is in line with the results obtained in the ANOVA analysis (Table 5). 
The cutting speed has the smallest p-value, being the most statistically influential variable. 
 
Figure 13. Diameter values in CFRP for all trials carried out. 
 
Figure 14. Adhesive wear generates in cutting edges. 
Due to the very small thickness of the composite material, these diameter variations may also be 
related to the loss of adhesive in the interface. This loss could affect the measurement at a height 
close to the interface. 
250x 
500ɥm 
Figure 14. Adhesive wear generates in cutting edges.
Materials 2019, 12, x FOR PEER REVIEW  12 of 18 
 
Diameters measured in aluminum alloy are shown in Figure 15. The results shown are very 
close to those obtained in CFRP. This may be due to the high adhesion of the material in the tool 
caused by process temperatures. A minimal dispersion is seen again when it comes to high cutting 
speeds. The increase of temperatures in the cutting zone can soften the material, facilitating its 
elimination and generating very uniform diameters. 
 
Figure 15. Diameter values in UNS A92024 for all trials carried out. 
No variable appears to be statistically significant in the ANOVA analysis performed for drilling 
aluminium alloy (Table 8). The adhesion and subsequent detachment of the material can produce 
random results. This produces that no input variable presents a high influence on the diameters 
obtained. However, the number of holes drilled is the variable with the lowest p-value. This means 
that within the randomness described, the number of holes machined is the most influential factor in 
the aluminium diameters. Therefore, the diameters generated in the aluminum alloy are related to 
the wear mechanisms produced. Adhesive type wear is predominant. 
Table 8. Cutting parameters influence in diameter values by ANOVA analysis in both materials. 
Source DF Adj SS Adj MS F-Value P-Value 
CFRP      
S (m/min) 01 0.002912 0.002912 17.56 0.001 
f (mm/min) 01 0.000008 0.000008 0.05 0.834 
Drills 01 0.000425 0.000425 2.57 0.128 
Error 17 0.002818 0.000166 
Total 26 0.014807 
UNS A92024      
S (m/min) 01 0.000017 0.000017 0.03 0.863 
f (mm/min) 01 0.000616 0.000616 1.11 0.307 
Drills 01 0.001531 0.001531 2.76 0.115 
Error 17 0.009441 0.000555   
Total 26 0.028340    
The average diameters and their respective deviations for the nine tests performed are shown in 
the (Figure 16). The diameters obtained in both materials are very close to each other except for Test 
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No variable appears to be statistically significant in the ANOVA analysis performed for drilling
aluminium alloy (Table 8). The adhesion and subsequent detachment of the material can produce
random results. This produces that no input variable presents a high influence on the diameters
obtained. However, the number of holes drilled is the variable with the lowest p-value. This means
that within the randomness described, the number of holes machined is the most influential factor in
the aluminium diameters. Therefore, the diameters generated in the aluminum alloy are related to the
wear mechanisms produced. Adhesive type wear is predominant.
The average diameters and their respective deviations for the nine tests performed are shown
in the (Figur 16). The dia obtain d in both m terials are very close to eac other except for
Test 1. This is reflected in the ratio obtained between the diameters measured in CFRP and those
measured in the aluminium alloy. The ratios obtained are between 0.998 and 1.005. This indicates that,
independently of the cutting parameters, the diameters obtained are homogeneous and constant in the
drill made.
This is consistent with the results given by D’Orazio. The temperature peaks are higher in the
drilling of the composite material due to the low heat transfer efficiency. This, together with the friction
of the metal chip when it is evacuated, produces larger diameters very close to those obtained in the
aluminum alloy.
The contour diagrams obtained are shown in Figure 17. The contour diagrams are obtained from
the (3) and (4) with a R2 of 80.97% and 66.69%, respectively. The average error rate for the obtained
values is 0.104% for CFRP material. On the other hand, the mean error rate for the obtained aluminium
values is 0.180%.
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Table 8. Cutting parameters influence in diameter values by ANOVA analysis in both materials.
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Figure 16. Diameter average values comparison for all cutting parameter combinations.
Contrary to what is stated in the literature, an increase in the number of holes drilled results
in an increase in the diameters obtained in CFRP for a fixed value of cutting speed. The adhesion
of the metal alloy together with the adhesive itself may be enhanced by the temperatures reached
during machining. This, together with the adhesion of the chip itself, can lead to an increase in the
diameters obtained.
Ø(CFRP) =
7.695 + 0.00927*S − 0.00113*f + 0.00112*Holes − 0.000039*S2 + 0.000003*f2 − 0.000111*Holes2 −
0.000003*S*f + 0.000006*S*Holes + 0.000004*f*Holes,
(3)
Ø(UNS A92024) =
7.524 + 0.01384*S − 0.00206*f − 0.00036*Holes − 0.000 53*S2 + 0.0 0 6*f2 − 0. 0037*Holes2 −
0.000 07*S*f + 0.000011*S*Holes − 0.00 4*f*Holes,
(4)
On the other hand, it should be noted that the use of low and intermediate cutting speeds affects
the diameters obtained to a greater extent. The use of a speed close to 145 m/min, on the contrary,
generates a diameter with few variations.
The diameters measured in the aluminium alloy are reduced by increasing the number of holes
drilled (Figur 18). For this materia , it is obs rved that the intermedi te cut ing speed has a great r
influence, achieving the highest values. Applying a low speed, 85 m/min, or high speed, 145 m/min,
generates the smallest diamet rs of the stack.
The combination of cutting parameters that offer the most homogeneous diameter in both
materials is shown in (Figure 19). Diameters very close to the nominal diameter are obtained by
Materials 2019, 12, 160 13 of 17
using cutting speeds higher than 140 m/min in both materials. However, the feedrate required to
obtain these results must be close to 250 mm/min.
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3.3. Adhesive
An essential aspect is the final state of the adhesive after machining. The adhesive can be
negatively affected and not perform its function. Adhesive loss in the interface can be influenced by
the correct selection of cutting parameters. The maximum depth of adhesive lost after machining is
shown in Figure 20.Materials 2019, 12, x FOR PEER REVIEW  15 of 18 
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Figure 20. Adhesive loss values for all trials carried out.
This defect may be due to temperatures generated during machining (Figure 21). These may
exceed the glass transition temperature of the adhesive itself. When this point is overreach, the adhesive
softens and burns, facilitating its elimination by the cutting edges of the tool.
As with the results obtained in diameters and Ra, the number of holes drilled greatly affects the
final quality of the adhesive: The amount of adhesive removed increases due to the progressive wear
of the tool together with the adhesion of metal shavings.
The amount of adhesive removed is also related to the cutting speed. This defect increases as the
cutting speed values increase for a fixed feed value. This is consistent with the results obtained by L.
Sorrentino [26]. As the cutting speed increases, the friction between the cutting edges and the surface
of the material becomes greater. This produces an increase in the thermal energy generated, increasing
the process temperatures. In the results obtained by L. Sorrentino, temperature peaks close to 180 ◦C
are reached when drilling CFRP.
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Figure 21. Temperature obtained for a single hole drilled.
These temperatures exceed the glass transition temperature of the adhesive used (86 ◦C). At this
point the material is softened and facilitates its removal at the interface. The results obtained at a
speed of 145 m/min are particularly noteworthy. The observed tendency is inverse to the diameters
evaluated. This would make sense, as the diameters close to the interface would increase due to the
loss of adhesive. The ANOVA analysis carried out reflects the above statement (Table 9). The most
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influential variables in adhesive loss are the number of holes drilled and their combination with the
cutting speed used. The advance speed, on the other hand, does not seem to have an apparent influence.
Table 9. Cutting parameters influence in adhesive loss values by ANOVA analysis.
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The contour diagrams corresponding to the adhesive loss are shown in Figure 22. The contour
diagrams are obtained from Equation (5) with a R2 of 82.99%. The average error value obtained was
18.25%. Although the speed of advance is not a very influential factor, it is appreciated that values
close to 300 mm/min generate the minimum amount of adhesive eliminated in the first holes.
Depth (Adhesive) =
−156 + 0.48*S + 1.512*f − 2.13*Holes − 0.00487*S2 − 0.00339*f2 + 0.0165*Holes2 +
0.00121*S*f + 0.0354*S*Holes + 0.00035*f*Holes,
(5)
On the contrary, as opposed to the above for the values of diameters and Ra, a cutting speed close
to 85 m/min should be selected. This combination of cutting parameters generates less adhesive loss
in the interface as the number of holes increases.
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4. Conclusions
In this work a methodology has been established for the analysis of dry drilling of adhesive
bonded CRFP/UNS A92024 hybrid structures. The analysis of the results has been developed
by diametric deviations, surface quality and adhesive loss through ANOVA techniques and the
development of response surface models.
It has been determined that the surface quality is influenced by the cutting parameters. In addition,
the loss of adhesi e in the interface is related to the number of holes drilled.
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The lowest values of Ra in both materials have been obtained by combining a cutting speed of
145 m/min with a feed speed of 200 mm/min. This can be produced by the smaller amount of material
evacuated by the rotation of the tool, stabilizing the process temperatures.
The diametric deviations produced in both materials are very close. No variable has an influence
on the diameters obtained by the ANOVA analysis. This is probably due to the randomness of the
results obtained as consequence of secondary adhesion wear. This kind of wear affects the geometry
of the tool with the adhesion and detachment of machined material, as a result of the stresses and
temperatures generated during the process. The diametric ratios of both materials have always been
near to 1. It has been seen that diameters very close to the nominal in both materials can be obtained
by using cutting speeds higher than 140 m/min and feed speeds close to 250 mm/min.
Adhesive loss is directly related to increased cutting speed. This is due to the increase in
temperature as consequence of the increased friction between the cutting edges and the machined
materials. It has been determined that the cutting speed is the most influential factor in the process.
Cutting speeds close to 85 m/min are recommended to reduce this defect. The feed rate does not have
an excessive influence.
Author Contributions: F.B. and A.S. developed the drilling tests. S.F.-V and S.R.F.-V. developed the data treatment
protocol. S.F.-V., F.B., A.S., and S.R.F.-V. analyzed the influence of the parameters involved. F.B. and A.S.
collaborated in preparing figures and tables and F.B., A.S., S.F.-V., and S.R.F.-V. wrote the paper.
Funding: This research was funded by the Spanish Government via the Ministry of Economy, Industry and
Competitiveness, the European Union (FEDER/FSE) and the Andalusian Government (PAIDI), project DIANNA.
Acknowledgments: The authors acknowledge the financial support for the work. A special mention for a
passionate engineer with a tireless capacity for work, whose academic contributions have left a legacy and
shown us the way forward due to his determination to continue progressing and developing not just engineering
professionals, but good people overall. His great research contributions and his memory are a stimulus for us to
try to be at his level, day by day, without disappointing him. Mariano Marcos-Barcena, in memoriam.
Conflicts of Interest: The authors declare no conflicts of interest.
References
1. Cirillo, P.; Marino, A.; Natale, C.; Di Marino, E.; Chiacchio, P.; De Maria, G. A low-cost and flexible solution
for one-shot cooperative robotic drilling of aeronautic stack materials. IFAC PapersOnLine 2017, 50, 4602–4609.
[CrossRef]
2. Gómez-Parra, A.; Álvarez-Alcón, M.; Salguero, J.; Batista, M.; Marcos, M. Analysis of the evolution of the
built-up edge and built-up layer formation mechanisms in the dry turning of aeronautical aluminium alloys.
Wear 2013, 302, 1209–1218. [CrossRef]
3. Wang, C.-Y.; Chen, Y.-H.; An, Q.-L.; Cai, X.-J.; Ming, W.-W.; Chen, M. Drilling temperature and hole quality in
drilling of CFRP/aluminum stacks using diamond coated drill. Int. J. Precis. Eng. Manuf. 2015, 16, 1689–1697.
[CrossRef]
4. Zitoune, R.; Krishnaraj, V.; Collombet, F. Study of drilling of composite material and aluminium stack.
Compos. Struct. 2010, 92, 1246–1255. [CrossRef]
5. Nagaraja, R.; Rangaswamy, T. Drilling of CFRP and GFRP composite laminates using one shot solid carbide
step drill K44. AIP Conf. Proc. 2018, 020025. [CrossRef]
6. Salguero, J.; Ponce, M.B.; Fernandez-Vidal, S.R.; Mayuet, P.; Rosales, E.I.; Marcos, M. Cutting Speed and
Feedrate Based Analysis of Cutting Forces in the One Shot Drilling (OSD) of CFRC/Al Hybrid Stacks.
In Proceedings of the Volume 2B: Advanced Manufacturing; ASME: Montreal, QC, Canada, 2014; Paper No.
IMECE2014-38027; p. V02BT02A057. 7p, ISBN 978-0-7918-4644-5. [CrossRef]
7. Fernández-Vidal, S.R.; Mayuet, P.; Rivero, A.; Salguero, J.; Del Sola, I.; Marcos, M. Analysis of the effects of
tool wear on dry helical milling of Ti6Al4V alloy. Procedia Eng. 2015, 132, 593–599. [CrossRef]
8. Lawcock, G.; Ye, L.; Mai, Y.; Sun, C. The effect of adhesive bonding between aluminum and composite
prepreg on the mechanical properties of carbon-fiber- reinforced metal laminates. Compos. Sci. Technol. 2006,
57, 35–45. [CrossRef]
Materials 2019, 12, 160 17 of 17
9. Cano, R.J.; Loos, A.C.; Jensen, B.J.; Britton, S.M.; Tuncol, G.; Long, K. Epoxy/glass and polyimide (LaRC
PETI-8)/carbon fiber metal laminates made by the VARTM process. SAMPE J. 2011, 47, 50–58.
10. Huang, Z.; Sugiyama, S.; Yanagimoto, J. Adhesive-embossing hybrid joining process to fiber-reinforced
thermosetting plastic and metallic thin sheets. Procedia Eng. 2014, 81, 2123–2128. [CrossRef]
11. Martinsen, K.; Hu, S.J.; Carlson, B.E. Joining of dissimilar materials. CIRP Ann. Manuf. Technol. 2015, 64,
679–699. [CrossRef]
12. Samaei, M.; Zehsaz, M.; Chakherlou, T.N. Experimental and numerical study of fatigue crack growth of
aluminum alloy 2024-T3 single lap simple bolted and hybrid (adhesive/bolted) joints. Eng. Fail. Anal. 2016,
59, 253–268. [CrossRef]
13. Higgins, A. Adhesive bonding of aircraft structures. Int. J. Adhes. Adhes. 2000, 20, 367–376. [CrossRef]
14. Zhang, K.; Yang, Z.; Li, Y. A method for predicting the curing residual stress for CFRP/Al adhesive single-lap
joints. Int. J. Adhes. Adhes. 2013, 46, 7–13. [CrossRef]
15. Kuo, C.L.; Soo, S.L.; Aspinwall, D.K.; Carr, C.; Bradley, S.; M’Saoubi, R.; Leahy, W. Development of single
step drilling technology for multilayer metallic-composite stacks using uncoated and PVD coated carbide
tools. J. Manuf. Process. 2018, 31, 286–300. [CrossRef]
16. Ashrafi, S.A.; Sharif, S.; Farid, A.A.; Yahya, M. Performance evaluation of carbide tools in drilling CFRP-Al
stacks. J. Compos. Mater. 2013, 48, 2071–2084. [CrossRef]
17. D’Orazio, A.; El Mehtedi, M.; Forcellese, A.; Nardinocchi, A.; Simoncini, M. Tool wear and hole quality in
drilling of CFRP/AA7075 stacks with DLC and nanocomposite TiAlN coated tools. J. Manuf. Process. 2017,
30, 582–592. [CrossRef]
18. Krishnaraj, V.; Prabukarthi, A.; Ramanathan, A.; Elanghovan, N.; Kumar, M.S.; Zitoune, R.; Davim, J.P.
Optimization of machining parameters at high speed drilling of carbon fiber reinforced plastic (CFRP)
laminates. Compos. Part. B Eng. 2012, 43, 1791–1799. [CrossRef]
19. Giasin, K.; Ayvar-Soberanis, S.; Hodzic, A. Evaluation of cryogenic cooling and minimum quantity
lubrication effects on machining GLARE laminates using design of experiments. J. Clean. Prod. 2016,
135, 533–548. [CrossRef]
20. Kuo, C.; Li, Z.; Wang, C. Multi-objective optimisation in vibration-assisted drilling of CFRP/Al stacks.
Compos. Struct. 2017, 173, 196–209. [CrossRef]
21. Wang, H.; Sun, J.; Li, J.; Lu, L.; Li, N. Evaluation of cutting force and cutting temperature in milling carbon
fiber-reinforced polymer composites. Int. J. Adv. Manuf. Technol. 2016, 82, 1517–1525. [CrossRef]
22. Kyratsis, P.; Markopoulos, A.; Efkolidis, N.; Maliagkas, V.; Kakoulis, K. Prediction of thrust force and cutting
torque in drilling based on the response surface methodology. Machines 2018, 6, 24. [CrossRef]
23. Uddin, M.; Basak, A.; Pramanik, A.; Singh, S. Evaluating hole quality in drilling of Al 6061 alloys. Materials
2018, 11, 2443. [CrossRef] [PubMed]
24. Bleicher, F.; Wiesinger, G.; Kumpf, C.; Finkeldei, D.; Baumann, C.; Lechner, C. Vibration assisted drilling of
CFRP/metal stacks at low frequencies and high amplitudes. Prod. Eng. 2018, 12, 289–296. [CrossRef]
25. Jallageas, J.; K’Nevez, J.Y.; Chérif, M.; Cahuc, O. Modeling and optimization of vibration-assisted drilling on
positive feed drilling unit. Int. J. Adv. Manuf. Technol. 2013, 67, 1205–1216. [CrossRef]
26. Sorrentino, L.; Turchetta, S.; Bellini, C. In process monitoring of cutting temperature during the drilling of
FRP laminate. Compos. Struct. 2017, 168, 549–561. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
